The current-voltage characteristics in Langmuir-Blodgett monolayers of γ-hexadecylquinolinium tricyanoquinodimethanide (C 16 H 33 Q-3CNQ) sandwiched between Al or Au electrodes is calculated, combining ab initio and self-consistent tight binding techniques. The rectification current depends on the position of the LUMO and HOMO relative to the Fermi levels of the electrodes as in the Aviram-Ratner mechanism, but also on the profile of the electrostatic potential which is extremely sensitive to where the electroactive part of the molecule lies in the monolayer. This second effect can produce rectification in the direction opposite to the Aviram-Ratner prediction.
and N atoms are represented by one s and three p atomic orbitals, and H atoms by one s orbital. The diagonal terms of the Hamiltonian matrix are charge-dependent 10, 11 (in atomic units):
where α is the orbital index, i and j are atomic indices (j runs over all the atoms of the system), Q j is the net charge on atom j, R ij is the distance between atoms i and j, U 0 is the intra-atomic Coulomb energy and the quantities H 
III. CALCULATION OF THE CURRENT
The current intensity is calculated using the Landauer formula [18]
where f L (ǫ) and f R (ǫ) are the Fermi-Dirac distribution functions in the left and right leads, respectively. G r,a (ǫ) are the retarded and advanced Green's functions of the molecule, and the Γ L,R (ǫ) matrices that describe the coupling of the molecule to the electrodes 18 .
The Green's functions of the semi-infinite metal electrodes are calculated in TB 19 , using the decimation method 20 . The hopping matrix elements between metal orbitals (γ) and molecular orbitals (β) are restricted to the interactions with metal atoms of the top surfaces.
They are written
where d is the inter-atomic distance, d 0 is the sum of the covalent radii of the two atoms, of the molecule in the LB film. The Green's functions of the whole system are calculated by coupling the molecules to the leads.
IV. RESULTS FOR AL ELECTRODES
Let us consider the case of Al electrodes. We need to discuss the problem of the position of the molecular levels with respect to the Fermi level of the electrodes at zero bias. We have considered three situations (a, b, c), which are summarized in Fig. 6 . The first situation (a) corresponds to the vacuum level alignment, a common approximation for physisorbed molecules. The HOMO and LUMO energy levels are fixed, with respect to the metal work function (4.2 eV), by the ionization potential I and the electron affinity A, respectively.
A and I include the charging energy of the molecule, corresponding to its ionization when the current flows through the structure. We have calculated these values in LDA (I = 6.9 eV, A = 2.7 eV for 1 and 2). But, for an ionized molecule in the diode, we must also consider the screening due to the electrodes, i.e. the interaction energy between the extra charge (an electron in the LUMO ψ e or a hole in the HOMO ψ h and the image charges induced in the electrodes 24 . It is given fairly accurately, in first-order perturbation theory, by Σ h(e) =< ψ h(e) |V ind |ψ h(e) >/2 , where V ind is the electrostatic energy of a charge between two metallic electrodes. We obtain in TB Σ e = 0.53eV and Σ h = 0.62eV for 1 (resp. 0.90 eV and 0.97 eV for 2). We fix the molecular levels by applying a rigid shift to all unoccupied (occupied) states, such that the LUMO (HOMO) level position is given by A + Σ e (I-Σ h ). . If a Fermi level of an electrode energetically reaches some molecular level at a given bias, the same effect occurs symmetrically with the Fermi level of the other electrode at the opposite bias (Fig. 4) . This leads to -almost respectively, an electron donor and an electron acceptor, and σ is a covalent "sigma" bridge.
Electrical rectification was observed only recently, in particular in Langmuir-Blodgett (LB) multilayers or monolayers of γ-hexadecylquinolinium tricyanoquinodimethanide (C 16 H 33 Q-3CNQ, 1, Fig. 1 ) sandwiched between metallic electrodes 2-6 . Even if these results represent an important progress to achieve molecular electronics, the physical mechanism responsible for the rectification is not clear. One critical issue is to know if the Aviram-Ratner model can be applied to 1, because it is a D(+)-π-A(-) molecule 5 . On the theoretical side, these molecular diodes are complex systems, characterized by large and inhomogeneous electric fields, which result from the molecular dipoles 5 in the layer, the applied bias, and the screening induced by the molecules themselves and the metallic electrodes. A theoretical treatment of these effects is presently lacking, as it requires a self-consistent resolution of the quantummechanical problem, including the effect of the applied bias on the electronic structure. Our aim in this paper is to present such a theory, and its application to the systems experimentally studied in Refs.
3,4,6 . Combining ab initio and semi-empirical calculations, we show that the direction of easy current flow (rectification current) depends not only on the position of the HOMO and LUMO, relative to the Fermi levels of the metal electrodes before bias is applied, but also on their shift after the bias is applied: this situation is more complex than the Aviram-Ratner mechanism, and can provide a rectification current in the opposite direction. We calculate that the electrical rectification results from the asymmetric profile of the electrostatic potential across the system. We obtain that the C 16 H 33 tail plays an important role in this asymmetry, and we predict a more symmetric I(V ) curve in the case of molecules with a small alkyl chain. Quite generally, our work emphasizes the importance of the electrostatic potential profile in a molecular system and suggests that this profile could be chemically designed to build new devices.
and N atoms are represented by one s and three p atomic orbitals, and H atoms by one s orbital. The diagonal terms of the Hamiltonian matrix are charge-dependent 10,11 (in atomic units):
where α is the orbital index, i and j are atomic indices (j runs over all the atoms of the system), Q j is the net charge on atom j, R ij is the distance between atoms i and j, U 0 is the intra-atomic Coulomb energy and the quantities H Ratner model. This is obviously due to the π bridge between the donor and acceptor sites.
Because of the large dipole of the free molecule (27 D in TB), electrostatic interactions play an important role in the LB film. We plot in Fig. 2 the intensity of the dipole, when we vary the molecular area in a free monolayer without a metallic electrode. At a molecular area of 58.5Å 2 , the dipole is screened by a factor 2.6, due to the Coulomb interaction between the parallel dipoles. When the metallic electrodes are included, the dipole moment is enhanced, because of the attractive interaction between the charges in the dipole and those induced in the electrodes. We obtain a final dipole of 19 D in the diode at zero bias. This dipole layer gives rise to a built-in potential between the two sides of the film, as shown in Fig. 3, where we plot the average electrostatic potential in the system. In presence of the electrodes and at zero bias, opposite charges appear on the electrodes (5.8×10 −03 nelectrons/Å 2 ), so that the induced potential drop exactly cancels the one created by the dipole layer. When a bias is applied to the diode, the HOMO and the LUMO energies become linear functions of the voltage (V ), with the same slope (η) for the two levels (Fig. 4) , which is another consequence of their delocalization. Indeed, if the two states wre localized at opposite sides of the molecule, the energy of the state closer to the grounded electrode would vary less than the other. For example, it was shown recently on D-σ-A molecules that the HOMO-LUMO gap is strongly distorted by the electric field 15 , because the two states are localized
This equation explains well the dependence of η with the length of the alkyl chain ( 
III. CALCULATION OF THE CURRENT
where d is the inter-atomic distance, d 0 is the sum of the covalent radii of the two atoms, 
IV. RESULTS FOR AL ELECTRODES
A and I include the charging energy of the molecule, corresponding to its ionization when the current flows through the structure. We have calculated these values in LDA (I = 6.9
eV, A = 2.7 eV for 1 and 2). But, for an ionized molecule in the diode, we must also consider the screening due to the electrodes, i.e. the interaction energy between the extra charge (an electron in the LUMO ψ e or a hole in the HOMO ψ h and the image charges induced in the electrodes 24 . It is given fairly accurately, in first-order perturbation theory, by Σ h(e) =< ψ h(e) |V ind |ψ h(e) >/2 , where V ind is the electrostatic energy of a charge between two metallic electrodes. We obtain in TB Σ e = 0.53eV and Σ h = 0.62eV for 1 (resp. 0.90 eV and 0.97 eV for 2). We fix the molecular levels by applying a rigid shift to all unoccupied (occupied) states, such that the LUMO (HOMO) level position is given by A + Σ e (I-Σ h ). . If a Fermi level of an electrode energetically reaches some molecular level at a given bias, the same effect occurs symmetrically with the Fermi level of the other electrode at the opposite bias (Fig. 4) . This leads to -almost it. All this experimental variability is either due to molecules turning upside down after film deposition and before measurement 3 , or it is due to non-uniform charges in the thin Al oxide 5 .
V. RESULTS FOR AU ELECTRODES
Recent experiments 6 have been performed on LB films of the same molecules but using oxide-free Au electrodes. All the operating devices (not short-circuited) are rectifying at positive bias with a threshold at ∼ +1.6 V ( been obliged to multiply the calculated current by a factor 10 3 to be on the experimental scale. We have checked that there is no way to explain this factor by reducing the distance between the molecules and the electrodes. Thus one possible explanation is that some metal of the top Au electrode deposited on the LB film has slightly diffused in the molecular layer. This is equivalent to a reduction of the length of the alkyl chain, which acts as a barrier for the tunneling of the electrons. Fig. 8 shows that a correct magnitude of the current is obtained for Au|C 8 H 17 Q-3CNQ|Au, or equivalently for a diffusion of gold over a length of ∼ 4Å(taking into account the tilting of the molecules). This is quite realistic with gold electrodes, even if the experimental procedure of Ref. 6 has been designed to avoid at maximum the diffusion of the metal. The theory predicts a saturation of the current at high voltage, which is not observed experimentally as the experimental threshold (∼ +1.6 V)
is at higher voltage. We must add that the step-like dependence of the calculated current would be broadened by taking into account the interactions between the molecules or the coupling to molecular vibrations. On the experimental side, the application of high bias starts to degrade the molecular diode 6 .
VI. CONCLUSION
In conclusion, we have presented detailed calculations of the I(V ) characteristics in a LB film of C 16 H 33 Q-3CNQ sandwiched between two Al or Au electrodes. We show the importance to include Coulomb interactions and screening effects in a self-consistent manner. Inescapable conclusions are that the placement of the electroactive part of the molecule within the gap between metal electrodes is very important, and that an important experimental issue in the future will be to control the band alignment at the organic-metal interface. 
